NADPH oxidase ͉ reactive oxygen species ͉ salt stress
he vesicle trafficking machinery is highly conserved among eukaryotes. Its major components include lipids and integral membrane proteins, such as vesicle-associated membrane proteins (VAMPs). The trafficking process is regulated by proteins that assist the vesicle budding, trafficking, and fusion with target membranes. The VAMP proteins constitute the major component of a soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) complex, which functions in facilitating the fusion between the vesicle and the target membranes (1) . The fusion is executed by formation of a biochemically stable trans-SNARE complex between the vesicle-SNARE (v-SNARE) that resides on the vesicle membrane and a homologous target-SNARE (t-SNARE) protein located in the target membrane. Plants contain an especially large set of SNAREs (2) that corresponds to existence of multiple vacuoles with different functions (3, 4) . Vesicle trafficking has been traditionally viewed as a housekeeping process, but recent findings in plant, yeast, and animal cells show that it also can play an important role in stress responses (5) (6) (7) (8) .
One of the major vesicle trafficking pathways in plants is the transport of vesicles from the plasma membrane and endoplasmic reticulum to the central lytic vacuole. Recently, plants were found to contain several vacuoles with distinct functions that accumulate specific compounds (9) . Major types of vacuoles include the lytic vacuole, which is analogous to animal lysosomes and to the yeast vacuole, and the protein storage vacuole, which is found in mature roots and seeds (10) . The vacuoles play an important role in plant salt tolerance. The physiological and biochemical identity of vacuoles largely is determined by correct targeting of vesicles and their cargo (11) . A synaptobrevin-like v-SNARE, VAMP711C, was identified in Arabidopsis vegetative vacuoles in the complex that mediated the vesicle docking to the tonoplast (12) . We have shown previously that vesicle trafficking to the vacuole plays an important role in salt tolerance (8) . The vacuole plays a central role in salt tolerance by sequestering sodium. These functions are facilitated by the Na ϩ ͞H ϩ antiporter, which utilizes the proton gradient between the vacuole and the cytoplasm generated by the H ϩ -pyrophosphatase and H ϩ ATPase enzymes that reside in the tonoplast (13) (14) (15) .
Highly homologous VAMP7 proteins exist in yeast and animal cells and have been shown to function in the analogous part of the endocytotic pathway in the vesicle transport from late endosomes to lysosomes (16) . Moreover, the VAMP7 protein was shown to play a crucial role in the onset of phagocytosis in macrophages (17) . Here, we show that vesicle fusion with the vacuole plays an important role in plant tolerance to high salt. Abrupt rise in salt concentration is common during switching the irrigation to lowquality water after germination.
One of the major plant responses to abiotic stress, including salt stress, is the generation of reactive oxygen species (ROS). The major intracellular sources of ROS in plants are chloroplasts, mitochondria, and peroxisomes, although ROS also are produced by enzymatic reactions as byproducts or by the NADPH oxidase that is induced by many abiotic stresses, including salt (8, 18) . Recently, induction of endosome-associated ROS generation by NADPH oxidase was described in guard cells treated with abscisic acid (19) . The NADPH oxidase enzyme accepts electrons from NADPH at the cytosolic side of the membrane and donates them to molecular oxygen at the other side of the membrane, thus producing superoxide either outside of the plasma membrane or in the endosomes, as described in phagosomes (20) . Once produced, the superoxide spontaneously or enzymatically dismutates to H 2 O 2 . Recently, the endogenous production of ROS from endoplasmic reticulum and its intracellular compartmentation has been pro-posed to act as part of the intracellular communication system that regulates the stress response (18) .
Results and Discussion
To assess the role of the vacuolar trafficking during salt stress, we analyzed seedlings that were engineered to have altered expression of the major vacuole-targeted v-SNARE, AtVAMP7C (12) . The AtVAMP7C protein comprises a small v-SNARE subfamily of four members with extended regions of homology, namely AtVAMP711, AtVAMP712, AtVAMP713, and AtVAMP714. The AtVAMP7C protein family is believed to form a putative tonoplast-specific SNARE-pin complex, which is thought to direct the vacuolar membrane fusion at the tonoplast. Indeed, all four AtVAMP7C proteins recently have been identified in Arabidopsis tonoplast in vivo (12) .
The Arabidopsis thaliana plants were transformed with sense and antisense constructs of AtVAMP711, which is the most prominent member of the vacuolar synaptobrevins (Fig. 1A) (21) . Because the antisense approach could have simultaneously silenced several homologous genes, we tested the expression of individual genes from the AtVAMP7C family. Indeed, the antisense expression caused reduced transcription of the close synaptobrevin homologues, particularly in the 2091 line, but did not affect a more distant SNARE, AtVAM3 (Fig. 6A , which is published as supporting information on the PNAS web site).
To test the role of altered synaptobrevin expression in plant salt tolerance, the transformants were subjected to abrupt salt stress by exposing 10-day-old seedlings to 0.2 M NaCl. The treatment caused the seedlings death in 5-7 days in most of the wild-type and AtVAMP711-overexpressing plants. Treatment with 150 mM NaCl caused death 5-7 days later (data not shown). Surprisingly, a much higher survival rate occurred in plants transformed with the antisense construct (Fig. 1B) . To test the role of single AtVAMP7C members in salt tolerance, we selected homozygous lines with T-DNA insertions that abrogate the synaptobrevin domain in the AtVAMP711, AtVAMP713, and AtVAMP714 genes. The mutant lines were indistinguishable from the wild-type plants when grown in 1͞2 strength Murashige and Skoog (MS) medium. However, when exposed to salt stress, they exhibited increased salt tolerance (Fig. 6B ), in agreement with the salt-tolerant phenotype of the antisense lines (Fig. 1B) .
It remains to be elucidated whether the individual genes possess specific functions during various stresses, but the fact that mutations in each of the genes resulted in increased salt tolerance, whereas overexpression of the AtVAMP711 gene was comparable to wild type (Fig. 1B) , indicates that the gene dosage͞expression effect is not additive, and each gene seems to perform an essential function during salt stress, perhaps in the formation of the SNARE-pin complex. Transcriptional analysis of individual members of AtVAMP7C in the specific T-DNA mutant background showed no compensation in the expression of other genes (Fig. 6C) . Interestingly, although disruption of the AtVAMP714 resulted in downregulation of the AtVAMP713 gene, disruption of the AtVAMP713 did not affect the expression of the other AtVAMP7C members, suggesting an interrelation in the regulation of some AtVAMP7C gene expression (Fig. 6C) . A scattered degree of coregulation between these genes also was observed by microarray-based analysis across different abiotic stress treatments (Fig. 1C) . The data revealed a similar down-regulation in the majority of the AtVAMP7C genes during the early stages of abiotic stresses, particularly the drought, osmotic, and salt stresses.
We next analyzed the accumulation of ROS in Arabidopsis roots that has been shown previously to be induced by the NADPH oxidase during salt stress (8) . The generation of ROS was observed several minutes after the salt treatment in wild-type and antisense plants (Fig. 7A , which is published as supporting information on the PNAS web site) and appeared as speckles that were distributed throughout the cytoplasm, contrary to the even spreading of H 2 O 2 that would be anticipated from diffusion. It is noteworthy that the concentration of ROS-producing speckles was low near the plasma membrane ( Fig. 2A , Z stack). Double-staining of the ROS together with the cellular membranes by styryl membrane tracker dyes, FM 4-64 or FM 1-43 (4, 22) , showed that the ROS-producing speckles were of endosomal origin, as can be inferred from the yellow color of the merged image (Fig. 7B ). In the wild-type plants, the ROScontaining speckles appeared associated with the root cells tonoplast and seemed to fuse with it ( Fig. 2 A-C) .
Similar results also were observed in the AtVAMP711 overexpressing lines (data not shown), but a striking ROS distribution was observed in the antisense lines, which showed ROS caged within megavesicles ( Fig. 2 D-F ) that did not fuse to the tonoplast and remained in the cytoplasm ( Fig. 2 D and E) . Importantly, although in the antisense plants no vacuoles could be seen in the doublestained images in Fig. 2 D or E, a central vacuole could be seen by viewing the individual confocal Z sections (Fig. 2H ). This result further corroborates the absence of vesicle fusion with the tonoplast in the antisense cells, as apparent from the absence of the line of membrane tracker dye (compare Fig. 2 H with G) .
To test the impact of vesicle fusion with the vacuole, we analyzed the tonoplast functioning in a parallel yeast system. Indeed, although staining of wild-type yeast with FM 4-64 showed dye accumulation around the vacuole, a VAMP7 knockout strain BY4741⌬Vamp7 showed dispersed intracellular endosomal staining (Fig. 3A) . The yeast cells were stimulated with H 2 O 2 for 1 h to allow for bulk-flow fluid-phase endocytosis (23) . In the wild-type yeast, the treatment resulted in accumulation of ROS in a cytosolic ring surrounding the vacuoles but showed dispersed aggregation of ROS-containing endosomes within the cytoplasm in the ⌬Vamp7 mutants (Fig. 8 , which is published as supporting information on the PNAS web site). To test the effect of ROS on the tonoplast function in yeast, we assayed the formation of pH gradients across the tonoplast that are generated by V-ATPase activity. H 2 O 2 treatment significantly impaired the V-ATPase activity in the wild-type yeast, but in the knockout ⌬Vamp7 strain, the activity remained virtually undamaged (Fig. 3B) . The effect of ROS on V-ATPase activity was verified by treatment of isolated vacuoles with H 2 O 2 and then with DTT, which resulted in a dose-dependent restoration of the activity (Fig. 3C) .
One of the essential functions of the plant tonoplast is generation and maintenance of ⌬pH between cytosol and vacuole. The ⌬pH is critical for removal of salt from the cytosol by serving as the driving force for the vacuolar antiporters, including the major sodium͞proton antiporter, AtNHX1 (13) . The function of the tonoplast that keeps the vacuolar interior acidic, versus a neutral͞ slightly basic environment in the cytosol, is shared with the plasmalemma. The disruption of the H ϩ gradient between the vacuole and the cytoplasm is indicative of a loss of tonoplast function. To follow the intracellular dynamics of the pH during the salt stress, we used a fluorescent pH probe, carboxy-SNARF (24), which produced comparable pH values to other methods (25) . In the wildtype plants a 3-h exposure to salt stress caused a minor change in ⌬pH, but overnight treatment resulted in vacuolar alkalization in 80% of cells of the root-hair zone, causing disruption in the ⌬pH (Fig. 4A and Table 1 ). In contrast, in the AtVAMP711 antisense lines the overnight treatment caused only little vacuolar alkalization, as evident from the overall acidic color of the root cells' vacuoles ( Fig.  4B Right) , as well as by calculation of the percentage of cells with the acidic vacuoles (Fig. 4B) .
It is noteworthy that the overnight treatment did not cause cytosolic acidification in the wild-type plants ( Table 1 ), suggesting that the change in the vacuolar pH was caused by reduction in the functioning of the tonoplast proton pumps (PPase and AtPase) and not by proton leakage from the vacuole. This suggestion is supported by the V-ATPase measurements in yeast that show reduced activity by H 2 O 2 treatment (Fig. 3 B and D) .
Interestingly, although the disruption of ⌬pH has a negative effect on the tonoplast proton antiporters (13), Yamaguchi et al. (26) recently have showed that the Na ϩ ͞H ϩ activity is increased with rising pH values, through pH-dependent changes in its C terminus that resides in the vacuolar lumen and affects its interaction with a vacuolar calmodulin-like protein. Thus, as long as some ⌬pH still exists, the vacuolar alkalinization that occurs during salt stress actually positively modifies the catalytic activity of the Na ϩ ͞H ϩ antiporter, which partially helps to counteract the worsening intracellular conditions.
Another crucial tonoplast function is storage of intracellular calcium in the vacuoles, which constitute the major intracellular Ca 2ϩ store in plants (27) . The release of Ca 2ϩ from the vacuole triggers various stress-associated signaling pathways, such as drought, salt, and cold (28, 29) . Moreover, elevated Ca 2ϩ cyt concentration triggers induction of programmed cell death (30, 31) . Furthermore, Ca 2ϩ cyt influx was shown to be mediated by ROS via activation of Ca 2ϩ -permeable channels in soybean cell culture and in Arabidopsis guard cells (31, 32) . The impaired tonoplast functioning in regulation of the vacuolar ⌬pH during salt stress prompted us to analyze potential leakage of Ca 2ϩ into the cytosol.
The vacuolar Ca 2ϩ dynamics in Arabidopsis root cells during salt stress were assayed with Fluo-4 acetoxymethyl ester (Fluo-4-AM) that detects free cytosolic Ca 2ϩ . In the nonstressed seedlings, the dye was seen predominantly in the vacuoles, which occupy most of the mature cell volume (Fig. 5A) . In comparison, a much lower Ca 2ϩ concentration was detected in the nuclei (Fig. 5A , black arrow), in agreement with published data (27) . Salt stress caused plasmolysis and vacuolar shrinkage within several minutes, but Ca 2ϩ remained caged in the vacuole Ͼ1 h after the onset of stress. The intracellular Ca 2ϩ distribution began to change 4-6 h later, leading to a dramatic Ca 2ϩ redistribution after 20 h in NaCl, producing a major shift of the vacuolar Ca 2ϩ into the cytosol (Fig.  5A) . To quantify the vacuolar Ca 2ϩ dynamics during the salt stress, we analyzed the content of the vacuolar Ca 2ϩ at an intermediate stage of 10 h after salt treatment. Although the vacuoles of wild-type plants released Ͼ35% of their Ca 2ϩ at this point, there was no significant change in vacuolar calcium in the antisense transgenics (Fig. 5B) .
To assay the possible effects of Ca 2ϩ fluctuations on the Ca 2ϩ -dependent signal transduction, we compared the calciumdependent protein kinase (CDPK) activity in wild-type and antisense plants by in-gel kinase activity assay (33) . Interestingly, although the salt stress reduced the activity of a 60-kDa CDPK in wild-type plants, it strongly induced its activity in the 2091 antisense line from undetectable levels in 1͞2 MS medium (Fig. 5C ). In addition to the CDPK activity, we analyzed the expression of two CDPK genes. In nonstimulated seedlings, the CDPK1 gene showed very low transcription in the antisense plants, as compared with the wild-type plants. The gene underwent strong induction upon exposure to salt (Fig. 5D ). Parallel analysis of the CDPK2 gene expression showed similar expression levels in wild-type and antisense plants and was not affected by the salt stress.
Together, our results show that blocking the fusion of endosomes with the vacuolar tonoplast in the antisense AtVAMP711 plants during salt stress improved maintenance of the ⌬pH and retained the free Ca 2ϩ in the vacuoles. Both these processes depend primarily on the activity of the tonoplast V-ATPase and v-H ϩ pyrophosphatase (34). Our results suggest that the impaired tonoplast functioning may be caused by the local oxidative stress, resulting from fusion of the ROS-carrying vesicles with the tonoplast. Indeed, H 2 O 2 caused a reduction of V-ATPase activity in wild-type yeast, but not in the ⌬VAMP7 mutant, that could be restored by antioxidant treatment. In plants, the vacuolar ⌬pH also is maintained by the v-H ϩ pyrophosphatase, which contains several cysteine residues that are critical for its activity, and is accessible for H 2 O 2 -dependent oxidation, resulting in its inactivation (35) . Thus, inhibition of the vesicle fusion with the vacuoles may preserve the tonoplast function. Furthermore, increased salt tolerance of the antisense plants also may be aided by other mechanisms, such as altered CDPK activity, as proposed by Hrabak et al. (36) , or by subcellular ROS-dependent signaling that depends on the targeting of ROS-containing vesicles (18) .
Concluding Remarks
In summary, our results underscore the importance of the subcellular localization of ROS in Arabidopsis root cells. The traffic destination of the ROS-producing endosomes during salt stress is regulated by the v-and͞or t-SNAREs (2, 37). In the wild-type plants, delivery of the ROS-carrying vesicles to the tonoplast results in continuous oxidative bombarding of the membrane that affects the functioning of the tonoplast pumps and channels, thus causing a decrease of ⌬pH and an increase in cytosolic Ca 2ϩ . These results may explain the earlier studies that showed activation of the voltage-dependent slow vacuolar Ca 2ϩ -permeable channels by ROS (38) .
The localization of ROS-carrying vesicles with the tonoplast also may contribute to understanding of some aspects of root water relations observed during salt stress. One of the physiological effects of salt stress in plants is a decrease in the hydraulic conductivity of roots, which was shown to be regulated by a decrease in the expression of aquaporins in roots (39) . Because H 2 O 2 has been recently shown to cause a reduction in root water transport (40, 41) , the presence of H 2 O 2 on the tonoplast of root cells during salt stress, shown here, may add another level of regulation by oxidative gating of the tonoplast intrinsic proteins (TIPs).
In addition to the effect of ROS on the tonoplast functioning, the localization of the ROS-containing vesicles in the cytoplasm may have other effects on ROS-dependent signal transduction through subcellular modifications of signaling proteins, as recently suggested by Rhee (42) in animal systems and by Fedoroff (18) in plants. Because in plants the generation of ROS is induced by many different stimuli that are associated with various environmental stresses, the intracellular targeting and localization of ROS add another level in the regulation in ROS signaling.
The alteration of the intracellular vesicle trafficking also can influence the signal transduction pathways, as shown here for CDPK activity, whereby the suppression of AtVAMP711gene expression affected the CDPK gene expression and kinase activity even in nonstressed plants and absence of ROS. Altered vacuolar trafficking also may affect the composition of vacuolar contents. Averaged intracellular pH values Ϯ SE at 0, 3, and 18 h after beginning of stress (n ϭ 30). The pH was calculated from green/red fluorescence ratio in each cell (such as presented in Fig. 4A Insets) . The ratio reflects pH according to buffer calibration values. The intracellular pH in wild-type seedlings was analyzed by using the carboxy-SNARF probe, which shifts its emission from green to red when alkalinized (24) . Confocal microscope images were taken in the root-hair zone cells after 0, 3, and 18 h from exposure to 0.2 M NaCl (see Table 1 Proteomic analysis of the vacuoles in the trafficking mutants will link the trafficking gene function with the cargo delivery.
Earlier work by Sanderfoot et al. (43) on the complementary t-SNARE (syntaxin) family in Arabidopsis plants showed that the disruption of individual t-SNARE members caused a lethal phenotype, indicating that each member of those genes performs essential functions even in nonstressed conditions. A similar analysis of the AtVAMP7C genes (which interact with the syntaxins) showed that the v-SNARE genes are not essential during normal growth. On the contrary, the disruption of individual members of the v-SNARE family improved salt tolerance, as opposed to the t-SNAREs. Interestingly, the proteins that interact with the SNARE-pin complex include the GTP binding proteins of the AtRabG3 (AtRab7) class (44) , which are homologous to yeast small GTPase Ypt7p that also were shown to function in salt-stress tolerance (8) .
Finally, the microarray analysis of the AtVAMP7C gene expression in Arabidopsis roots showed a strong down-regulation of all members except ATVAMP714 gene during abiotic stresses and particularly during salt stress (Fig. 1C) , suggesting an evolutionary molecular adaptation of the vacuolar trafficking, which as we show here can protect the seedlings from stress-caused damage. Thus, the regulation of vesicle trafficking during stress may be more complex than expected.
Materials and Methods
Biological Material and Treatments. The AtVAMP711 (At4g32150) was cloned into the BamHI site of the binary pMD1 transformation vector (8) after amplification of the cDNA by using the primers 5Ј-GGATCCATCGCGATTCTGTA-3Ј and 5Ј-GGATCCTTA-AAATGCAAGATGG-3Ј and standard PCR conditions. Direction of the insertion was verified by restriction analysis and by sequencing. For control we used the pBI121 from Clontech (San Diego, CA). Sense͞antisense constructs of VAMP711 (6) were transformed into Arabidopsis Col ecotype plants and expressed under 35S promoter. Seedlings were selected on kanamycin and transferred to 1͞2 MS plates supplemented with 0.15͞0.2 M NaCl. The percent of dead͞bleached seedlings was determined 5-7 days after transfer. Seedlings were kept in 1͞2 MS Ϯ NaCl also during the microscope studies.
Saccharomyces cerevisiae BY4741 (wild type) and BY4741⌬Vamp7 (mutant) strains were from the mutant deletion EUROSCARF collection. All strains were grown overnight in YPD medium (1% yeast extract͞1% peptone͞2% glucose; Sigma, St. Louis, MO) at 30°C to OD 600 0.5. Yeast was treated for 1 h with 9 mM H 2 O 2 or an equal volume of sterile H 2 O for control condition before harvest.
Analysis of Gene Expression. AtVAMP711 gene expression in the transgenic plants was analyzed by RT-PCR. RNA was extracted as described in ref. 8 . The reverse-transcriptase analysis was performed with a SuperScript III kit (Invitrogen, Carlsbad, CA) using 300 ng of RNA sample.
The VAMP711 transcription was tested with the following primers: reverse (5Ј-ATCGACAAGAAGCTCCAAAC-3Ј) and forward (5Ј-ACCATCGCCA A ACAGATCC-3Ј). CDPK1 (At1g18890) was tested with the following primers: forward (5Ј-GTGTGGAGTGCCGGAGTTAT-3Ј) and reverse (5Ј-CCAAGTTGTGAACCGACCTT-3Ј). CDPK2 (At1g35670) was tested with the following primers: forward (5Ј-GATGAA- 
